(2S,3S,4S)-3,4-Dihydroxyglutamic acid (DHGA), a biologically active α,β-dihydroxy-γ-amino acid, was efficiently synthesized from a readily available D-serine derivative in 30% overall yield over 11 steps. The key stereoselective OsO4-catalyzed dihydroxylation reaction controlled by an N-diphenylmethylene group on the amino group of γ-amino-α,β-unsaturated (Z)-ester successfully introduced the diol moiety of the intermediate 5a in 86% with more than 10 : 1 diastereomeric ration. Then it was in turn successfully converted to the desired target compound, (2S,3S,4S)-3,4-DHGA, via simple oxidation and hydrolysis in a highly stereoselective manner and a higher yield than the previous syntheses. This result strongly supports that our synthetic methodology of stereoselective OsO4-catalyzed dihydroxylation should be useful in stereoselctive synthesis of various bioactive compounds with an amino diol moiety.
Introduction

1)
L-Glutamic acid is a major excitatory neurotransmitter that acts as both ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) in the mammalian central nervous system. Glutamate receptors are implicated in a number of neurological conditions. Their major role in excitotoxicity and prevalence in the central nervous system is linked to many neurodegenerative diseases such as Alzheimer's, Huntington's and Parkinson's diseases [1] . Therefore, their subtype-selective ligands are important therapeutic target for the treatment of these kinds of diseases. To investigate the physiological role of these receptors, plenty of subtype-selective ligands were needed so that various glutamic acid derivatives were synthesized and used for the physiological studies [2] . In addition, X-ray crystallographic analysis of the ligand binding region (LBR) of the glutamate receptors has been recently achieved to show that thirteen amino acids provide multipoint anchoring by combination of hydrogen bonds and electrostatic interactions [2a,2b] . Therefore, hydroxylated glutamic acid analogs that could strongly bind to the receptors by hydrogen-bonding have stimulated lots of interest in their efficient synthesis. For example, 3,4-dihydroxyglutamic acid (3,4-DHGA), isolated from the seed of Lepidum sativum and the leaves of Rheum rhaponticum [3] , is considered as one of the highly potent ligands for the receptors. Among four possible stereoisomers of 3,4-DHGA, (2S,3S,4S)-3,4-DHGA is known to be a selective agonist of the metabolic glutamate receptor of type 1 (mGluR1) and a weak antagonist of mGluR4 [1a, 2c-e] . On the other hand, bioactivity of other stereoisomers has not been reported yet.
Despite interesting biological activity and unique structural feature of (2S,3S,4S)-3,4-DHGA, only three syntheses including one from our lab have been reported to date [4] . Dodd group synthesized (2S,3S,4S)-3,4-DHGA for the first time using D-ribose as a chiral template in only 2.3% yield over 17 steps by applying the 2,3-aziridino-γ-lactone methodology [4a] . The second synthesis was accomplished by Oba and coworkers via an enantioselective reduction of the cyclic meso-imides derived from meso-tartaric acid in 9% yield over 10 steps. The yield was relatively high but the desired product obtained as a minor isomer along with three possible stereoisomers [4b] . Then thirdly our group developed the rather efficient synthetic method for (2S,3S,4S)-3,4-DHGA by employing intramolecular nucleophilic epoxidation of homochiral γ -amino-α,β-unsaturated ester containing an N-hydroperoxymethyl group followed by regioselective ring opening reaction of the resulting epoxide with neighboring group participation of the N-Boc group. The yield was 14% over 13 steps [4c] .
Recently, we have reported efficient several stereoselective syntheses of some bioactive natural compounds with an α,β-dihydroxy-γ -amino functional group by utilizing the OsO4-catalyzed dihydroxylation reactions of acyclic chiral allylic amines (Figure 1) [5] including D-iminolyxitol [6] . Meanwhile, we envisioned the γ-lactam 7, the key intermediate of D-iminolyxitol, could be readily converted to the desired dihydroxy analog of glutamic acid as shown in Scheme 1. Accordingly we wish to report herein another efficient stereoselective synthesis of (2S,3S,4S)-3,4-DHGA from the common intermediate 7. This result is much better than the previous reports including ours [4] in terms of yield and efficiency [7] .
Experimental
General methods : Materials were obtained from commercial suppliers and used without further purification. The reactions were monitored with a SiO2 TLC plate under UV light (254 nm) followed by visualization with a ninhydrin solution. Optical rotations were determined at ambient temperature with a digital polarimeter and were the average of more than five measurements. 1 H NMR spectra were measured at 300 MHz in D2O and data were reported as follows in ppm (δ) from an internal standard (TMS, 0.0 ppm) : chemical shift (multiplicity, integration, coupling constant in Hz).
(3S,4S,5S)-3,4-Isopropylidenedioxypyrrolidin-2-one-5-carboxylic acid
To a solution of γ-lactam 7 (0.639 g, 3.41 mmol), which was prepared according to the reported procedure [6] , in mixed solvents (21 mL, H2O : CCl4 : CH3CN = 3 : 2 : 2), sodium periodate (NaIO4, 2.19 g, 10.24 mmol) and ruthenium trichloride hydrate (0.071 g, 0.341 mmol) was added. The resulting mixture was stirred for 12 h at room temperature. After the reaction was completed, 30 mL of EtOAc was added to the reaction mixture and the two phases were separated. The organic phase was washed twice with saturated aq. NaCl solution. The organic layer was dried over MgSO4, filtered, and concentrated under reduced pressure to give carboxylic acid 8 as a white solid. The crude product was purified by silica gel column chromatography (DCM : MeOH = 10 : 1) to give carboxylic acid 8 as a white solid (451 mg, 180.0508; found, 180.0511.
Results and discussion
Our strategy for the stereoselective synthesis of (2S,3S,4S)-3,4-DHGA 1 involved the known γ-lactam 7 as a key intermediate (Scheme 2). The known γ-lactam 7 could be readily prepared from commercially available N-Boc-O-Bn-D-serine 3 (overall 45% yield over 9 steps) as the procedure reported by our lab (Scheme 1) [6] . The desired stereochemistry of the C-3 and C-4 hydroxy groups of 5a was efficiently established by the syn selective OsO4-catalyzed dihydroxylation of γ -amino-α,β-unsaturated (Z)-ester 4. The achiral N-diphenylmethylene group of γ-amino-α,β-unsaturated (Z)-ester 4 derived from commercially available N-Boc-O-Bn-D-serine 3 (Scheme 2) was very effective in controlling the flexible acyclic conformation of γ-amino-α,β -unsaturated (Z)-ester 4 to give 5a in 82% with desired syn selectivity (syn : anti ≥ 10 : 1). The Obtained two hydroxy groups of 5a were protected into an isopropylidene unit under mild acid conditions to give 6, and following debenezylation with Pd(OH)2/C gave the desired known intermediate γ-lactam 7.
The carboxylic acid functionality of the target compound 1 can be easily introduced by a RuO4-catalyzed oxidation of the primary alcohol of γ-lactam 7 in 66% yield. Although the CrO3-catalyzed oxidation was also tried, a combination of catalytic RuCl3⋅H2O and a stoichiometric amount of NaIO4 showed the better result. Then the carboxylic acid 8 was treated with aq. solution of 6 M HCl at 80 ℃ to give the desired (2S,3S,4S)-3,4-DHGA (1) as its hydrochloride salt in quantitative yield (Scheme 2). It seemed that the reaction temperature of the acidic hydrolysis step was critical to yield the desired hydrolyzed product in a pure form. When carboxylic acid 8 was treated at the higher temperature such as the heating conditions under reflux, some unexpected impurities were detected on the 1 H NMR spectrum.
Conclusions
The efficient stereoselective synthesis of (2S,3S,4S)-3,4-DHGA was achieved in only two steps with 66% yield from the known γ-lactam 7 which is overall 30% yield over 11 synthetic steps from commercially available N-Boc-O-Bn-D-serine 3 and it should be the most efficient synthetic route among the reported syntheses.
The required chiral diol moiety of the (2S,3S,4S)-3,4-DHGA was introduced by the our synthetic strategy of the syn stereoselective OsO4-catalyzed dihydroxylation reaction of γ-amino-α,β-unsaturated (Z)-ester 4 using achiral N-dipheylmethylene group in 86% yield with more than 10 : 1 diastereomeric ratio. Then it was in turn successfully converted to either (2S,3S,4S)-3,4-DHGA (66% in 2 steps) or D-iminolyxitol (quantitative in 2 steps) [6] . This result strongly supports that our synthetic methodology employing the stereoselective OsO4-catalyzed dihydroxylation should be useful in stereoselctive syntheses of various bioactive compounds with an amino diol moiety such as those shown Figure 1 .
